Abstract-The prediction of wall losses is a fundamental aspect in the planning of cellular systems. The broad variety of building materials and construction codes makes accurate attenuation prediction very difficult without the support of specific construction data or measurements. In this paper, the attenuation and equivalent electric parameters and of brick and doubly reinforced concrete walls are estimated for the 900-MHz band by fitting simple ray tracing models to empirical transmission data. The measurement setup is described, and extensive experimental results justifying the quasioptical modeling are presented.
I. INTRODUCTION

M
ODELING of wave propagation through building walls has a significant impact on the planning of urban cellular telephone systems. The construction of walls is usually based on architectural and structural considerations, and even if the type of elements used is known, their influence on electromagnetic waves is difficult to predict. Rigorous analytical and numerical methods have been applied for studying models of nonhomogeneous building walls, but most of them have not been contrasted by measured data (for example, [1] - [3] ). The computational requirements of these methods, when applied to professional design tools for complex indoor communication systems, are extremely high, and thus, their applicability in practice is still questionable. The through-wall propagation models presume that the configuration and construction materials are known in detail. Present-day indoor propagation software often use relatively simple models to describe the reflection and transmission by complex wall structures, offering the user the option of defining the electromagnetic wall parameters, [4] - [6] . As a whole, the investigations on the electromagnetic behavior of actual walls are rather scarce, and the reported results are likely to be applicable only to a specific type of wall. It is in general necessary to validate the applicability and accuracy of theoretical models by extensive empirical testing.
In this paper, the attenuation in brick and double reinforced concrete walls is studied. The latter wall types were of special interest to us because we were not aware of data for con- crete walls with two reinforcing steel meshes. Such walls are sanctioned by the construction codes for some specific cases of building walls in countries with strong seismic activity, for example. The paper centers on measurement procedures that do not require sophisticated test equipment and on the validation of a semi-empirical ray tracing modeling approach for finding the wall attenuation. It is proven initially that for the typical values of electric parameters and of a homogeneous wall and a frequency of 900 MHz, the transmitted wave is quasiuniform, and the use of classical ray tracing theory for studying reflection and transmission phenomena is well justified. The multi-ray model and its single-ray simplification for a lossy homogeneous wall are outlined briefly. For the latter, the mismatch attenuation is treated separately from the absorption attenuation. The numerical results show that the single-ray model works much better for transmission than for reflection. In the latter case, for thin and/or low loss walls, its use is not recommended. The main part of the paper is devoted to the description of empirical aspects and to the evaluation of models. This includes a description of the measurement setup, which is a noncoherent pulsed transmitter-receiver system that contrasts with more elaborate channel sounding systems and devices [7] - [10] employed for collecting and processing the experimental data. Validation of the theoretical models is based on verifying their ability to predict attenuation for a given type of building wall over a wide range of incidence angles. For this purpose, it is shown that the relevant equivalent parameters and of the model can be derived from simple measurements made for one or more walls representative of the type of construction under consideration. The evaluation of measurement data allows a comparison of the modeling accuracy for two types of walls: brick walls, which can be expected to meet the assumption of homogeneous behavior reasonably well, and double steel mesh reinforced concrete walls, which would be expected to significantly deviate from such behavior. The empirical data leads to the conclusion that in both cases, a very simple model allows good prediction of the through-wall attenuation.
II. RAY MODELING OF TRANSMISSION THROUGH HOMOGENEOUS BUILDING WALL
We represent the wall as an infinite homogeneous flat plate with two electric parameters, relative permittivity and conductivity , and thickness . The following two raymodels are utilized for representing the wave reflection and transmission by the flat plate (see Fig. 1 ):
0018-926X/03$17.00 © 2003 IEEE a) multi-ray model, which takes into account the multiple reflection and refraction phenomena at the wall boundary planes [11] , [12] . b) single-ray model for reflection (path ) and for transmission (path ). According to the classical ray technique, at the boundary between two semi-infinite media, each uniform plane wave gives rise to one transmitted and one reflected uniform plane wave. For low-loss dielectric media, this assumption is accepted without discussion. However, in the case of a quasiconducting, homogeneous building wall, the transmission wave is converted into a nonuniform (hybrid) wave, and this requires the validity of ray tracing modeling to be justified. For the nonuniform wave a modified propagation constant is defined, which differs from the intrinsic propagation constant . Here, , , and , are the corresponding attenuation and phase constants.
The modified constants and can be calculated using the following equations [13] :
(1) with (2) where is the free-space wave number. We first note that the limited thickness of any wall is not in agreement with the assumption of a semi-infinite medium, and thus, the conditions for the strict validity of (1) are not met. Our analysis at cellular frequencies, for thick lossy walls, for normal wave incidence have shown that the first reflection by the output boundary ( ) contains less than 10% of the power transmitted through the input boundary (
). This suggests that the effect of the interior reflections should not degrade considerably the accuracy of calculations that are based on the assumption of a semi-infinite wall, where such reflections do no exist. We next apply the theory of the nonuniform plane wave outlined above for checking the degree of wave nonuniformity in a lossy building wall. This was done numerically at 900 MHz by contrasting the values of the modified and intrinsic propagation constants , and , , respectively, for a concrete wall with measured parameters, and S m [14] . It was found that for , the maximum relative difference between the modified and intrinsic attenuation constant (in percent) is quite small (about 7%), whereas the corresponding phase constant difference (in percent) is almost zero for all angles of incidence. Similar results have been obtained for a wall with parameters corresponding to brick wall: and S m [9] , [10] . Therefore, it can be reasonably assumed that in walls with relatively small conductivity, the transmitted wave is practically uniform at typical mobile communications frequencies, and the use of the classical ray-tracing theory for studying reflection and transmission phenomena is well justified. In what follows, we use superscripts ( ) or ( ) to specify the type of polarization, perpendicular (vertical), or parallel (horizontal), where necessary. The wave reflection and transmission coefficients at a boundary are marked by a subscript 1 (i.e., as and ) if the incident wave travels from air to wall and by a subscript 2 (i.e., as and ) if the wave travels from wall to air. These coefficients, which are usually referred to as Fresnel reflection and transmission coefficients, are found in classical texts on electromagnetics [15] .
Normally, the multi-ray model of propagation is used for finding the total reflection and transmission coefficients and of a flat homogeneous wall. The equations for their calculation are given in [11] and [12] , for example.
In the case of the single-ray transmission model, the amplitude reflection coefficient (which is designated as ) is equal to . The amplitude transmission coefficient ( ) can be expressed in the form (3) where . The amplitude attenuation factor , due only to the wall absorption losses along the inner transmission path is given as an exponential attenuation function, or (4) In , is the Fresnel transmission coefficient at the plane , equal to or , depending on the polarization; is the Fresnel transmission coefficient at the plane , which is equal to or . Here, the coefficients and account for the attenuation due to the mismatch between air and wall media only or, equivalently, the attenuation, if the same wall is thought to be a lossless dielectric plate ( ). For a lossless homogenous wall embedded in air, it is easy to derive the transmission coefficient for both polarizations, as a function of and , or (5) and (6) It is seen that in the single-ray model, the mismatch attenuation can be treated separately from the absorption attenuation. As we show later, this property can be very useful in practice for the empirical determination of the conductivity.
Examples of numerical comparisons between the multi-ray and single-ray models are shown in Figs. 2 and 3 for a wall of thickness 27 cm, frequency 890 MHz, and normal wave incidence. Fig. 2 illustrates the dependence of reflection and transmission coefficients on permittivity in a range from 2 to 12, with S m as a parameter. It is seen that in the typically quoted range for 3 to 9, the transmission coefficient varies by less than 3 dB. Fig. 3 shows the transmission and reflection coefficients versus conductivity for . It is seen that the transmission coefficient changes by around 16 dB for the typical range of values for (0.01 to 0.1 S/m) quoted in the literature [8] , [10] , [18] , [19] .
Calculations of the transmission coefficient as a function of wall thickness, for different and as parameters, have also shown a small difference between the values predicted by the two models. For example, if S m and , and if the thickness ranges from 10 to 50 cm, the attenuation difference varies from 0.7 to 0.05 dB. For the thickness of 27 cm, it is about 0.1 dB.
Similar results have been obtained for oblique wave incidence and for other typical values of , , and as parameters. The conclusion can be drawn that for brick and concrete walls, the single-ray model performs adequately for transmission, whereas for reflection the use of the more accurate multi-ray model would be more appropriate.
III. MODIFIED FRIIS EQUATION AND MEASUREMENT OF THROUGH-WALL ATTENUATION
As was shown in the previous section, in the case of typical brick and concrete walls, the simpler single-ray transmission model can be used without significant loss of accuracy in comparison to the multi-ray transmission model.
We next modify the Friis equation for a free-space wireless link in order to account for the through-wall power loss expressed by the power transmission coefficient (or in the case of the single -ray model). This equation is written here in logarithmic form in order to use standard decibel units, or where and are the powers at the receiver and transmitter antenna output and input; and are the receiver or transmitter antenna gain, respectively; and is the distance between receiving and transmitting antenna, corresponding to line-ofsight distance in free space.
The measurement setup described in what follows is basically aimed at the determination of power attenuation for a range of angular positions. From this, the power transmission coefficient as a function of the incidence angle is determined, and the equivalent parameters and that best fit the measured attenuation versus angle curve are obtained.
We first note that the predicted attenuation can only be expected to reflect average values for any given real situation. In this sense, the basic assumption of a homogenous wall modeled by equivalent parameters corresponds to assuming that the deviations from this ideal condition can be treated as a random variable. Therefore, for each wall tested, multiple measurements were performed at various horizontal and vertical antenna positions for each angle of incidence to obtain average and deviation data. To simplify the measurement procedure, the transmitting and receiving antennas were kept at a constant distance from the wall. For a fixed transmitting position, the receiving antenna was moved on a path parallel to the wall. Thus, if for normal incidence the distance between transmitting and receiving antenna is , then for this setup, is equal to . Here, the small error due to the change in propagation direction inside the wall is neglected. Practical considerations also limit the measurement range to angles of less than 70 .
To isolate the effect of multipath propagation signals, a wideband measurement system was implemented, based on the periodic transmission of very short RF pulses, demodulated at the receiver with a microwave detector. A pulse duration of 10 ns was used. At the frequencies of interest for cellular systems, the far-field condition is met at very short distances; therefore, the path length for the measurement link may be quite small. For the half-wave dipoles used as transmitting and receiving antennas, the far-field conditions are easily fulfilled for the minimum path length used: 1.3 m. Thus, free space loss can be kept small, and power/sensitivity requirements for the measurement system can be quite modest. The system used is described in Fig. 4 . Standard commercial elements were used to build the transmitter and receiver. The detector power to voltage conversion characteristic was first determined, and the whole system was calibrated under free space propagation conditions prior to each measurement session. The input power at the transmitting antenna terminals was 24 dBm, and the total receiver gain was adjusted according to specific conditions to avoid amplifier saturation and to keep the received power within the detector's operating range. To allow an easy comparison of the results, however, all power measurements as well as the values predicted by the theoretical models are specified at the detector terminals, after rescaling by the receiver gain of 37.2 dB. This implies modifying (7) to dBm dBm
The distance between transmitting and receiving antenna for normal incidence was chosen as 1.3 m, and the corresponding received power at the detector input was 31 dBm under free space conditions. Comparison of this reference value with the plotted results allows the determination of total loss from transmission through wall. For the measurements with parallel polarization, where the dipole antenna pattern is not isotropic in the incidence plane, care was taken to always keep the aim of the antenna lobe aligned with the direction of measurement. For each wall, measurements were performed at 12 different antenna positions (four horizontal and three vertical), forming a rectangular mesh with 15 cm point spacing on average. For each of these positions, the incidence angle was varied between 0 and 70 in 2 increments. The exact positioning of the points was, however, varied randomly in a 3 cm range to avoid any possibility of systematic errors due to a periodic structure of the wall. For any given angle , the average measured power was defined as the arithmetic average of all 12 measurements. This is the quantity to be compared with the input power predicted by the theoretical model.
IV. MEASUREMENT RESULTS AND MODELING ACCURACY
A. Model Fitting Criteria
The model adjustment procedure used consists of finding the combination of equivalent parameters and , which generates the theoretical curve of versus that best fits the averaged measurement curve . As a criterion for best fit, the minimization of the average r.m.s. error (over the angle of incidence ) was chosen. We thus define dB dBm dBm for (9) where is the number of angular positions, which in our case is equal to 36. As, for any given angle of incidence, the above r.m.s. error is based on an average of 12 measurements, the r.m.s. error as a function of the angle is also calculated. If is the th measurement at angle , the unbiased estimate of the r.m.s error is defined as (10) where . For a given wall, provides a useful insight into the deviation from the average behavior that can be expected at a given angle. If is much larger than , then it can be concluded that large variations in propagation behavior can be expected, due to lack of homogeneity of the wall. It should be noted that reflects variations with respect to the average of measurements and not with respect to the theoretical model.
B. Description of the Walls Tested
Two different types of walls were tested to verify the accuracy of the models. 1) Brick walls: These inside dividing walls are made of bricks and mortar and are covered by a layer of stucco. Two walls were tested: one of thickness 23 cm ("wall 1") and the other of thickness 17 cm ("wall 2"). The walls correspond to a construction more than 20 years old for which little architectural data is available. 2) Steel reinforced concrete walls: They correspond to a building of recent construction and detailed data was available. Two nominally identical interior walls ("wall 3" and "wall 4") were tested. They are made of concrete and reinforced by two meshes of 8-mm-thick steel rods. The square meshes consist of horizontal and vertical rods, spaced 20 cm apart, and tied together with steel wire at the crossings. They lie at opposing sides of the wall, separated by 18 cm, as shown in Fig. 5 . The meshes are not connected to each other but, as a result of the building procedures used, should have been aligned in the sense that a vector normal to the wall incident upon one rod will also be incident on the corresponding rod at the other side. The wall is covered by a 1-cm layer of stucco. Total thickness of the walls is 27 cm. In the literature, data for solid concrete walls [3] , [9] , [17] or for walls reinforced by single steel grids of parallel rods or square-element meshes [6] , [10] , [14] , [16] , [18] , [19] are usually quoted. We are not aware of data for concrete walls with two reinforcing steel meshes, which are similar to those studied in this work. Such walls are sanctioned by the construction codes in some specific cases (for example, in countries with a strong seismic activity).
For both types of walls, the measurements include perpendicular and parallel polarization. It should be noted that a total of close to 3500 individual power measurements were performed.
C. Modeling Results
We present here the more relevant results of our empirical work. The approach consist in fitting a theoretical model to the measurement results obtained for a given wall and then to determine the accuracy of this model when applied to the prediction of attenuation for a wall of nominally the same type of construction. As will be seen, in most cases, the models proved accurate enough for practical use. As will be discussed below, the homogeneity assumption is better met by brick walls than by steel-reinforced concrete walls. Fig. 6 shows the case of a brick wall 1 for perpendicular and parallel polarization. Since the curves produced by means of both theoretical models are virtually overlapping, only the curves corresponding to the single-ray model are shown in each case. As mentioned before, the received power at the detector would be 31 dBm for normal incidence and free space conditions. The values of the equivalent parameters, which result in the smallest r.m.s. error, were and S m for perpendicular polarization and and for parallel polarization. The attenuation at normal incidence is 5.2 and 5.6 dB for perpendicular and parallel polarization, respectively. The similarity of the parameter values attests to the homogeneity of the brick wall. Table I shows values of and and the corresponding average r.m.s error as defined by (9) . The measurements made for wall 1 were used for model fitting, and the corresponding r.m.s modeling error is shown. As can be seen, unambiguous determination of both and is not possible by this method. The r.m.s prediction error shown for wall 2 is obtained from (9) using the same equivalent parameters that were fit to wall 1. Reversing the procedure, i.e., using wall 2 for fitting equivalent parameters and then testing them on wall 1 yields similar accuracy. As discussed in Section III, the empirical data corresponds to multiple wall positions and incidence angles, and thus, the r.m.s. error obtained reflects the quality of the model fit and prediction for a very large average of measured values. It is observed that for the range of typical values of [8] - [10] , the prediction model yields acceptable accuracy. The choice of values of is quite critical, and selecting a value that differs significantly from those shown in Table I leads to large modeling errors regardless of the value of . As was discussed in Section II, the wall transmission coefficient depends much more on conductivity than on permittivity, and thus, the above result was, of course, expected. It is also worth noting that, as was predicted by theory, both theoretical models (single-ray and multiple-ray) provide similar fit to the measured data over the whole angular range. Fig. 7 illustrates the behavior of a steel reinforced concrete wall (wall 4) for perpendicular and parallel polarization. Bearing in mind that the theoretical maximum power at the detector would again have been 31 dBm without the wall, it is seen that attenuation is much larger than for the brick wall, which is a consequence mainly of the reinforcing elements. The best fit conductivity values for vertical and horizontal polarization are now different, despite the fact that according to the specifications, the wall is structurally symmetric. These differences may be partly due to the fact that the measurement procedure involves angular variation in the horizontal plane. Therefore, as the incidence angle departs from normal, a wavefront with perpendicular polarization will "see" an increasing degree of shading by rods that are parallel to the electric field vector.
As before, only the theoretical curve for the single-ray model is shown. Table II allows the comparison of the modeling results for the two nominally equal concrete walls, as was described before for the case of brick walls. The results obtained again indicate that the choice of the value of is not critical. The range of values between 5 and 8 proved quite adequate. In contrast, the predicted attenuation is quite sensitive to the choice of . As discussed above, the measurements performed on wall 4 suggest a departure from homogeneous behavior, which translates into significant differences in the values of for each polarization. Applying the resulting models to wall 3 confirms this characteristic. Conversely, using wall 3 as a reference results in values of , which is quite close to those obtained for wall 4, and with a significantly larger value for vertical polarization. The large values of for these walls imply that both models (single-ray and multi-ray) yield virtually identical results.
For the walls considered, modeling error and average prediction error are less than 2 dB in most cases. They agree well with the results reported by other authors, contrasting prediction by analytical procedures with empirical data (see [8] , [20] , and [21] , for example).
The lack of sensitivity of the models to the exact value of implies that the determination of a model based on equivalent parameters for a given wall type essentially requires the determination of . Measurements for a few incidence angles are easy to perform and can be repeated quickly at several positions and polarizations for representative walls. The resulting parameter values can then be compared with each other to verify consistency. In any practical situation, differences will exist, and average parameter values will have to be used in the prediction model. The range of variation of the best fit values for will be an indication of the accuracy of the model.
The modeling procedure can thus be approached as follows. For a chosen adequate value of (the average of typical values for the corresponding wall type), can be determined by the following. i) measurement of the total through-wall attenuation from which the power transmission coefficient (or its single-ray approximation ) easily deduced (For brick walls, measurements at normal incidence should be adequate, whereas for structures that show bigger nonhomogeneity, such as the described steel-reinforced concrete walls, a broader range of angles should be considered.); ii) calculation of mismatch attenuation, i.e., , of the imaginary lossless wall from (5) or (6); iii) calculation of from (3), the attenuation coefficient from (4), and the conductivity through (2) . The above analysis is based on the average of multiple measurements. The standard deviation of these measurements [see (10) ] for a given wall and polarization will indicate the extent of smoothing that results from the averaging procedure and, thus, the degree of nonhomogeneity. Fig. 8 shows the results obtained for perpendicular polarization for the brick and concrete walls as a function of angular position. There is no indication that the errors become larger at any particular range of incidence angles. Surprisingly, for a given polarization, the plots also show no evidence that the nonhomogeneity is larger for the reinforced concrete walls than for the brick walls. While the averaging process obviously smoothed the errors in the attenuation curves for all cases, there is no indication that the smoothing effect was more significant for the concrete walls.
Finally, we present in Fig. 9 a comparison of the transmission coefficients for one brick (wall 1) and one concrete wall (wall 4). The solid lines show in each case the predicted attenuation for the best fitting single-ray model, as tabulated before. The dotted lines represent the averaged measured values. The curves provide reference data for typical building walls.
As in all semi-empirical models, the proposed technique has its limitations, most notably the fact that for accurately determining the equivalent electric parameters, measurements have to be performed on walls that are representative for the buildings under consideration. In contrast, the more precise analytical or numerical methods are meant to use actual material and construction data. In practice, the internal wall structures are usually known for new buildings only, and even when this is the case, the validation of an exact numerical model will also involve measurements.
V. CONCLUSION
The through-wall attenuation, and the equivalent permittivity ( ) and conductivity ( ) of brick and concrete walls are estimated for the 900-MHz cellular band by a "best fit" of through-wall transmission measurements to the classical multi-ray model and its one-path approximation: the single-ray model. A measurement procedure and a laboratory setup are developed, and extensive experimental results confirming the validity of both models are presented.
It is numerically proven that the transmitted wave in lossy building walls is practically uniform, and the use of the classical ray-tracing theory for studying reflection and transmission phenomena is well justified.
The attenuation in brick walls and concrete building walls with two reinforcing steel meshes is studied. To our knowledge, no data has been explicitly given in the literature for the latter wall configuration.
The conclusion can be drawn that for brick and concrete walls, the single-ray model performs adequately for transmission, whereas for reflection the use of the more accurate multi-ray model would be more appropriate.
It is found that the permittivity can be chosen within a range of values that matches with those reported in the literature. The choice of the conductivity is critical for precise attenuation prediction. The measurements needed to determine the conductivity are simple and do not require complex equipment or extensive measurements. What is required basically is a noncoherent pulsed transmission and reception system to measure average loss at a few incidence angles.
Departures from homogeneous behavior can be expected for steel reinforced walls, leading to different model parameters, depending on polarization. This is, of course, expected if the geometrical arrangement of the vertical and horizontal reinforcement elements is different. Even for the symmetrical case, however, identical behavior for both polarizations would only be expected for normal incidence. For any other case, the influence of the conducting elements on the wave front will depend on whether or not the electrical field vector is parallel or perpendicular to the plane of incidence. This was confirmed by our measurements, which showed a consistent increase in the losses for the case of vertical polarization with respect to horizontal. On the other hand, for a given type of polarization, the presence of the steel meshes in the concrete walls did not generate larger measurement fluctuations than those observed in the inherently more homogeneous brick walls. Modeling error and average prediction error are found to be less than 2 dB in most cases. Typical r.m.s deviations of the measurements from their averages were found to be of the order of 1.5 dB over the angular range considered.
